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Abstract 
Previous research on digital fluid power indicates down-scaling to be beneficial to the characteristics of digital valves. This 
theoretical aspect yields to use equal size on/off valves in digital hydraulic valve systems. A simple miniaturized on/off valve, 
having orifice diameter of 0.7 mm, have been developed to study the feasibility of this approach. A manifold manufacturing 
technology also has been developed to facilitate a compact framework for the valve system containing dozens of the miniature 
valves. The first equal coded valve system prototype contains 16 miniature valve prototypes. A natural modulation method for an 
equal coded valve system is Pulse Number Modulation (PNM), where the output depends on the number of activated valves. 
With this modulation method, resolution of the output is equivalent to the number of the valves in the control edge. Limited 
resolution hampers the tracking control performance especially at low velocity where small steps in flow rate are required. The 
main purpose of this paper is to study the feasibility of Pulse Frequency Modulation (PFM) to improve the controllability of the 
equal coded valve system at the velocities below the minimum velocity of PNM control. Poor controllability at low velocities is 
one of the main challenges of the digital hydraulic valve systems. Characteristics of the PFM method are analysed and an 
experimental study is carried out to measure the improvement of the PFM method on the tracking control performance. The study 
indicates that the PFM method is an effective way to improve tracking control performance at low velocity. 
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1. Introduction 
Digital hydraulic valve systems have been studied much during the last decade. Many beneficial aspects have 
been recognised with valve systems utilising parallel connected on/off valves, for example high performance control 
with good energy efficiency [1]. Previous research also indicates that down-scaling of on/off valves is beneficial [2]. 
That leads to use equal size miniaturised on/off valves to realise Digital Flow Control Units (DFCU), which 
correspond control edges of analogue valves. A suitable commercially available valve for a compact equal coded 
valve system has not been found but prototype valves and later the whole valve system concept have been developed 
[3], [4]. The first prototype system contains 16 prototype on/off valves (Figure 1).  
 
a b 
 
 
Figure 1. (a) The first equal coded valve system prototype with CETOP 3 interface; (b) Cross sectional figure of the utilised on/off valve 
One remaining challenge in digital hydraulic valve systems is poor controllability at low velocities. In order to 
achieve cavitation free and energy efficient control, simultaneous pressure and velocity control is required and that is 
difficult at low velocity with limited resolution. Linjama & Vilenius [5] have analysed this topic and noticed the 
challenge. An obvious solution is to increase the number of valves but that leads to too small orifices and another 
solution was preferred. They introduced four edge control and presented improved controllability [5]. The paper also 
discusses the drawbacks of the solution. It increases the power losses because of a simultaneous opening of pressure 
and tank side valves causing a flow directly from supply to tank. Also increased sensitivity against load force 
changes was noticed to result in jamming like behaviour at the start of the movement. Four edge control is also 
computationally expensive and requires accurate flow models. 
Continuous switching is one known method to realise a proportional like control even with one on/off valve. 
There are several modulation methods including Pulse Frequency Modulation (PFM) and Pulse Width Modulation 
(PWM). PWM is mostly used in digital hydraulics, like in [6]. One challenge in PWM control is that small effective 
openings are difficult to achieve. One solution is to exploit the ballistic mode [7] but that is sensitive to variations in 
opening and closing delays. Small effective openings can be easily and robustly achieved with PFM, but the quality 
of motion may be poor. 
The main purpose of this paper is to study the feasibility of the PFM to increase the controllability of the actuator 
at low velocities. The study is carried out with a cylinder drive in two edge connection thus simultaneous pressure 
and velocity control cannot be realised. However, the challenge of the controllability at low velocities is a question 
of a flow resolution at small openings and that can be studied with the simplified system. 
2. Improving flow resolution with PFM 
PFM is one of the digital control methods which can be used to realise proportional control with one 
continuously switching valve and hence realise flow rates below the minimum flow rate of PNM control. That is 
rarely used in the digital hydraulic valve systems. Some theoretical analyses are presented [7] and [8]. Paper [7] 
presented an extensive analysis of digital control methods for one switching valve. PFM was the only control 
method by which small average openings could be realised without a ballistic mode. However, they stated that this 
method leads to low control quality because of a conflict between accurate positioning and high flow rate. PFM 
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utilises constant pulse duration and if the duration is selected to be short, the actuator can be positioned very 
accurate but the maximum flow rate is low and requires high switching frequency. A longer pulse allows a higher 
maximum flow rate and decreases the required switching frequency, but positioning would not be as accurate as 
with shorter pulse duration. They concluded that PFM is not usable for controlling an on/off valve in the 
configuration using only one switching valve per metering edge. 
In the equal coded valve system concept, many and similar on/off valves exist in each DFCU (metering edge) and 
that removes some limitations discussed above. The principle is simple: opening pulses are done with different 
valves by turns (Figure 2). In this way, PFM control becomes feasible and good controllability up to one valve 
opening or even above can be realised. 
The main advantage of the PFM control is that very small average openings can be realised without a ballistic 
mode, which causes a strong nonlinearity in the control and is sensitive against variations in valve dynamics. The 
drawback of the PFM control without a ballistic mode is that pause duration should be long at small openings 
resulting in jerky control. The effect could be minimised by choosing short pulse duration. 
 
Figure 2. A principle of Pulse Frequency Modulation with parallel connected valves. 
One very advantageous property of this control method is that switching duty is equalized between all valves in 
the DFCU. PFM control produces a high number of switching which may lead to durability problems, but in the 
equal coded valve system the problem is reduced by the factor of the valve number. On the other hand, PFM is to be 
used only in small openings which also reduce a risk for durability problems. 
2.1. Using PFM in controller 
The use of model based control is established practice in digital hydraulics. Thus, the PFM control should be 
modelled. The model should output the control frequency f which realises the desired average flow rate Q fed to 
input. Calculation of the flow rate of the constantly opened valve is a basic issue in digital hydraulics and good 
solutions are developed [9]. Thus, the frequency model could be written as the Equation (1) presents, 
 
( )
model pulse
Qf Q
Q A
           (1) 
 
where Qmodel represents the flow rate of constantly opened valve and Apulse represents the effective pulse area 
which could be calculated by the Equation (2) according to valve dynamics presented in Figure 3.  
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Figure 3. A schematic diagram of an on/off valve response to the control pulse 
2 2
open close
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It should be noticed that all the parameters determining valve dynamics are pressure dependent. If the target is a 
very accurate model, the parameters should be modelled as a function of pressure. That naturally requires effort to 
measure the accurate behaviour of the valves. In this study, the valve dynamics are assumed to be constant. 
2.2. Model based PFM with several valves 
Different valves have different steady state flow rates and different opening and closing dynamics causing 
different average flow rates with same frequency, if the same pulse duration is used. When the opening pulses are 
done with different valves by turns, it could be advantageous if the pulse durations of the valves are fine-tuned so 
that flow rates of different valves are equal with same frequency. In other words, tpulse should be fine-tuned for each 
valve so that same amount of oil is passed by each pulse.  
To decrease the required effort to measure the properties of the equal coded valve system and to enable a 
computationally lightweight controller, a simplified approach has been developed. The main principle is to assume 
all on/off valves identical which makes the controller much simpler. The reduction of the control performance seems 
to be quite small [4]. 
3. Test system 
Measurements are carried out with a vertically assembled cylinder (32/18 – 500) having a load mass of 50 kg. 
The chamber B is connected directly to the supply line (Figure 4). The prototype valve system is connected to have 
two DFCUs, each having eight valves. The system contains an accumulator in the supply line. The pump is switched 
on when pressure in the supply line decreases below 70 bar and switched off when the pressure reaches 80 bar. 
Thus, pressure is not constant. 
 
 
Figure 4. Hydraulic circuit of the test system 
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The control system is implemented with dSpace DS1103 controller board. Pressures are measured with Trafag 
NAH transmitters with the pressure range of 250 bar. The position of the cylinder piston is measured with a 
Heidenhain LS477 linear encoder with resolution of 0.5 μm. The natural frequency of the system is about 125 rad/s. 
4. Implementation of control system 
The system uses a closed loop position control and an open loop velocity control. A discrete time proportional 
controller is used for position control. The closed loop velocity reference is calculated by Equation (3). 
 
( )CST ref p refv v K x x             (3) 
 
The closed loop velocity reference vCST is fed to the model based valve controllers which generate the best 
opening for the next sampling period. Two valve controllers are studied; a pure PNM controller and a controller 
which utilises PFM control at low velocities and PNM control for higher velocities. 
4.1. Valve characteristics 
The characteristic curves of the valves are measured in order to gain parameters for the flow models. The 
generalised exponent flow model with cavitation choking is used in this study [9]. The flow rates of the pressure 
side valves with pressure differential of 3.5 MPa are between 1.2 – 1.8 l/min and of tank side 1.1 – 1.5 l/min. The 
tank side flow rates are smaller because of cavitation choking. Deviation in flow rates is quite big because half of 
the valves in both DFCUs were enlarged from orifice diameter of 0.70 mm to 0.75 mm. 
Response times of the valves are estimated from pressure, voltage and current measurements. Opening response 
times are around 1.5 ms. Closing response times are more strongly pressure dependent and more variable between 
valves having values from 1.5 to 4.0 ms. 
4.2. Implementation of PNM controller 
Pulse Number Modulation is a control method where the output is controlled by the number of opened valves. 
This is a natural control method for equal coded valve systems where all valves are nominally similar. Each opening 
could be achieved with many different combinations and duty of the valves could be equalised. However, to keep 
the controller simple, fixed combinations are used. 
The implemented PNM controller uses individual flow models for each valve. Both DFCUs have 8 states (zero 
excluded) thus 16 steady state velocities are to be calculated in every sampling period. Steady state velocities are 
calculated and opening is selected for the next sampling period with a cost function based algorithm. The cost 
function includes terms for velocity error and number of switching. A stop mode is implemented separately and 
activated when the velocity reference for the controller is below the stopping threshold. The stopping threshold is 
tuned as small as possible so that no limit cycle oscillation occurs. 
4.3. Implementation of PFM controller 
PFM controller is implemented so that pulses are produced with different valves in turn as described previously. 
To keep the controller simple, all valves in each DFCU are assumed to be identical and only two flow models using 
average parameters are used in this controller mode. The sampling period for the PFM controller is the same than 
the sampling period of the PNM controller. Although the part of the controller which generates the valve control 
pulses should operate in a higher frequency. 
The pulse width is tuned as short as possible without a ballistic mode. The pulse width of 1.4 ms was found to 
have an adequate reliability for the valves to stay in normal mode. In the pressure side DFCU, average realised pulse 
width teff is 3.0 ms and in the tank side DFCU 2.5 ms. The maximum effective opening with the PFM is limited to 
the opening which corresponds one constantly opened valve, thus maximum frequency for the pressure side DFCU 
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is 333 Hz and for the tank side 400 Hz. The controller is switched to the PNM control when the frequency exceeds 
the limit values. 
To prevent limit cycle oscillation (which actually occurs at very low frequency) a similar stopping mode, than in 
the PNM controller, is implemented. The stopping threshold is also tuned equally yielding much smaller value. 
4.4. Test trajectories 
Test trajectories for the study are selected to be similar than in a study presented in [5]. So fifth order polynomial 
is used as a position reference with the movement time of 2 seconds. Three different strokes are studied; 15 mm, 50 
mm and 130 mm. Two smaller strokes are similar to the reference but the last one is smaller because of limited 
maximum velocity with the prototype valve system. 
5. Experimental results 
A stability limit for the proportional controller gain value was found to be approximately 70 1/s by step response 
measurements. Thus the controller gain of 30 1/s is selected. Pressure signals are filtered with first order discrete 
low pass filter with break frequency of 40 rad/s which produces 10 dB attenuation at the natural frequency of the 
system. Controller parameters are shown in Table 1. Weight of the number of valve switching is tuned such that the 
number of switching is reduced as much as possible without any significant decrease in the control performance. 
Table 1. The controller parameters 
Property Value 
Proportional gain 30 1/s 
Weight of the number of switching 0.01 m/s 
Break frequency of pressure filters 40 rad/s 
Sample time of controllers 5 ms 
Sample time of pulse generation 0.2 ms 
Stopping threshold for PFM 0.5 mm/s 
Stopping threshold for PNM 9 mm/s 
 
Each measurement is carried out five times to increase the reliability of the results. Integral of Square Error (ISE) 
and maximum position error are used as performance indices. The average values of those are gathered by Table 2 
and Table 3. With 130 mm and 50 mm stroke lengths, maximum position errors are on the same level with both 
controllers. However, with the smallest stroke (15 mm) the difference is significant. The ISE values are indicating 
also that the most significant difference occurs with the smallest stroke, as expected. Reasonable improvement is 
observed also with longer strokes. 
 
Table 2. Average values of the maximum position error (mm) 
Trajectory PNM PFM+PNM 
L (130 mm) 0.81 0.84 
M (50 mm) 0.68 0.60 
S (15 mm) 0.61 0.16 
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Table 3. Average values of the ISE performance index (mm2*s) 
Trajectory PNM PFM+PNM 
L (130 mm) 0.31 0.22 
M (50 mm) 0.27 0.12 
S (15 mm) 0.21 0.01 
 
The positioning accuracy with the PFM control is observed to be much better than without. The reason is the 
stopping threshold which can be significantly smaller with PFM control. The realised positioning accuracies are 17 
μm and 300 μm with and without PFM control respectively. That would be a reason for smaller ISE value with PFM 
control despite the same or even bigger maximum position error. Figure 5a presents typical results with 130 mm 
stroke. With this stroke, quite good velocity tracking is observable in extending movement with both controllers 
while all eight valves are used. Velocity tracking is more fluctuating in retracting movement because fewer valves 
are used. 
a b 
  
Figure 5. (a) Results with 130 mm stroke; (b) Results with 50 mm stroke 
Figure 5b depicts the result with 50 mm stroke. Slightly better position tracking is observable where the PFM is 
used. Relative velocity tracking is not so good anymore because only three valves are used for extending and two for 
retracting movement. In retracting movement, continuous switching occurs even without PFM control but the 
maximum frequency corresponds the natural frequency of the system and increases natural oscillation. 
The result of 15 mm stroke is seen in Figure 6. The velocity reference is all the time below the minimum velocity 
of PNM control, thus pure PFM control is used with the combination controller. The PNM controller uses 
continuous like switching with one valve in the movements to both directions. With the PNM control, fluctuating 
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movement is visible even in the position signal. Duty of the PFM control is fluctuating at the natural frequency of 
the system quite strongly which indicates too high P-gain in the position controller. However, the ISE and the 
position error are significantly smaller with PFM control. 
 
Figure 6. Results with 15 mm stroke 
6. Summary and conclusion 
In this paper, the challenge of an accurate position tracking at low velocities with digital hydraulic valve control 
is discussed. The main reason is a limited flow resolution of DFCU. The known solution candidates to increase the 
resolution are; to increase the number of valves, or to use four edge control and exploit cross flow. Also drawbacks 
of these solution candidates are discussed. The use of Pulse Frequency Modulation to increase the tracking control 
performance at small velocities is analysed. The equal coded valve system enables the effective use of PFM. The 
feasibility of the approach is studied with an experimental study. The results show that PFM can be used to improve 
controllability at least of a single acting cylinder. Remarkable reduction in maximum position error is realised 
within a low velocity trajectory. However, natural oscillation hampers the control and resonance is clearly seen. 
In general, equal coded valve system seems to have much potential for good tracking control. The achieved 
results with low velocity trajectories (50 mm and 15 mm strokes), even with pure PNM control, are better than the 
results of Linjama & Vilenius [5]. They achieved 1 mm maximum position error with both strokes while the 
corresponding result of this study was 0.7 mm. The results are well comparable because the inertia, the natural 
frequency and also the step size of the valve systems seems to be quite similar. 
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Nomenclature 
Apulse Effective area of opening pulse 
dclose Closing delay 
dopen Opening delay 
f Frequency of PFM control  
Kp Proportional gain of position controller 
tclose Movement time of valve closing 
teff Effective pulse duration 
topen Movement time of valve opening 
tpulse Pulse duration of control signal 
p0 Precharge pressure of accumulator 
Q Desired flow rate 
Qmodel Calculated flow rate 
Qnom Nominal flow rate 
V Volume of accumulator 
vCST Closed loop velocity reference 
vref Velocity reference from trajectory 
x Position of cylinder piston 
xref Position reference of cylinder piston 
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